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Introduction

Thermally actuated shape memory polymers (SMPs) are a class of smart
materials that have gained significant interest in recent years. These materials
are capable of remembering two shapes (a primary shape, and another
secondary or deformed shape), and they can be actuated from one shape to the
other by application of an appropriate thermal stimulus. Multiple reviews and
applications of these shape memory polymers are available in the literature.'?
In porous form, as SMP foams, these materials have additional biomedical
applications, such as tissue regeneration scaffolds and embolic devices for
treatment of aneurysms}'4

Our group is interested in developing foam based embolic SMP devices that
can be delivered to a target location in the body, such as an aneurysm, via a
minimally invasive catheterization process.*® One proposed strategy is to heat
a spherical foam sample above its actuation temperature (7g) and compress it
to a rod like secondary shape. This secondary shape is fixed by cooling the
compressed sample to below its 7g. The rod-shaped device can then be
delivered to the aneurysm site via a catheterization process, in a minimally
invasive clinical procedure. Once the device reaches its target site, it can be
actuated to its primary spherical shape by heating it up to its 7g, thus
embolizing the aneursym.

A material that may be used for this application needs to have two main
properties — a) very low density that can allow deformation of the device to a
small enough dimension that is deliverable via a catheter, and b) a high
modulus that allows shape recovery against the physiological media even at
these low densities. Also the shape memory needs to be stable, limiting the
secondary shape forming typically seen in some other commercially available
SMP foams.” Novel foams based on materials proposed by Wilson et al.® with
small molecular weight monomers and highly chemically crosslinked network
structure, were developed to achieve these design goals (Figure 1(a)).' Here
we report the synthesis of these novel materials and some key physical
properties demonstrating their potential utility in biomedical applications.

Experimental

Materials. Monomers 2,2',2"-Nitrilotriethanol (TEA, 98%, Alfa Aesar
Inc.), N,N,N,N*-Tetrakis(2-hydroxypropyl) ethylenediamine (HPED, 99%,
Sigma Aldrich Inc.) and 1,6-Diisocyanatohexane (HDI, TCI America Inc)
were used as received for the foam synthesis. The foams were synthesized in a
three step process.® First, a prepolymer with excess isocyanate was prepared
by adding 38 hydroxyl equivalents to 100 isocyanate equivalents, and allowed
to cure for two days. Secondly, a hydroxyl premix was prepared by mixing all
the remaining hydroxyl monomers (maintaining a 105 isocyanate index) with
the chemical blowing agent (DI water) and surfactants and catalysts (Air
Products Inc.). Lastly, the foams were synthesized by mixing calculated
amounts of isocyanate and hydroxyl premixes along with the physical blowing
agent Enovate, HFC 245-fa (Honeywell Corp.). Foams were allowed to cure
for at least a week before further characterization (Table 1).

Density and cell structure. Density of the foams was calculated from
the top, middle and bottom sections using the ASTM standard D-3574-08. For
capturing the images, thin slices (1-2 mm in thickness) of foams were cut and
imaged using the Leica MZ8 microscope (Leica Microsystems Inc.) with
RSImage Software (Roper Scientific Inc.) in the brightfield mode as described
by Singhal et al.®

Table 1: Composition of the foams in terms of wt% of constituents in the
net formulation.

Chemical name Wt%
HDI 63.85
HPED 15.67
TEA 9.40
Water 2.86
Surfactants DC5179 and DCI990 7.29
Catalysts T131 and BL22 0.92
Enovate (pph) 7.80

Differential scanning calorimetry (DSC). 7g was measured using a
Pyris Diamond DSC (Perkin Elmer Inc.). A vented aluminum pan loaded with
a 3-5 mg sample was cooled to -40 C. Thereafter, a heat - cool - heat cycle
was run from -40 to 120 C. Tg was estimated from the half height of transition
during the second heating cycle.

Fourier transform infrared spectroscopy (FTIR). An FTIR spectrum
of the foam was collected using the Spectrum 2000 FTIR (Perkin Elmer Inc.).
The sample chamber was purged with nitrogen gas for 5 minutes and a
background spectrum was captured. Thereafter, thin slices of foams were cut
and placed on a 2 cm™ JStop holder (0.88 cm aperture). The chamber was
again purged for 5 minutes after placing the sample, and an FTIR spectrum
was collected in the transmission mode at a resolution of 4 cm™. The test was
performed in duplicate to ascertain reproducibility of spectra. A total of 50
scans were taken for each sample and the background spectrum was
subtracted using the Spectrum software (Perkin Elmer Inc.).

Shape memory behavior. For quantifying the shape recovery of the
foams, constrained stress recovery tests were performed in an ARES-LS2
rtheometer (TA Instruments) according to a previously described method.*
Tests were performed in a compressive mode using parallel plate fixtures on
cylindrical foam samples, approximately 15 mm high and 20 mm in diameter.
The sample was first heated to a temperature of 100 C (7g+30 C) and
deformed to 80% compressive strain at a rate of 2.5 mm min'. Thereafter the
sample was cooled to 40 C (7g-30 C) and then heated back up to 100 C
(Tg+30 C) maintaining the 80% strain. At the end of the cool-heat cycle, the
strain was released at a rate of 2.5 mm min" and the recovered strain was
measured from the distance between the plates at a 10 g axial force. Three
samples were tested and five cycles were performed on each of the samples.

Figure 1: (a) Schematic representation of the polymer network structure of
the foams showing low molecular weight between covalently bonded network
points. (b) Macroscopic structure of the foams as seen from an optical
microscope (scale bar = 400 um).

Volume expansion. A SC150-42 Stent Crimper (Machine Solutions
Inc.) was used to measure the maximum volume expansion of foam.* 6-mm-
diameter cylindrical foam samples were loaded in the crimper and compressed
as small as possible, at 100 C (~7g+30 C). The compressed shape was fixed
by allowing them to cool down to room temperature in the constrained state.
The compressed diameter was measured using a digital micrometer. Finally,
the samples were heated back to 100 C (~7g+30 C) in air, and the recovered
diameter was measured. Any change in length was ignored and the net volume

expansion was calculated as



Results and Discussion

Density and cell Structure. An average density of foams was found to
be 0.018+.001 g/cc. With a neat polymer density of approximately 1.17 g/cc,
this corresponds to a theoretical porosity of ~98%.

The cell structure of the foams is shown in Figure 1(b). A mixed open to
closed cell structure is seen, with thin residual membranes on the cell surface
as reported by Singhal et al. *

Differential scanning calorimetry. DSC of the sample gave a sharp,
single 7g at 67 C. This composition uses 2:1 ratio of hydroxyls from HPED
vs. TEA, as compared to 3:2 ratio of hydroxyls from HPED vs. TEA of a
composition reported previously! A higher HPED content may explain a
slightly higher Tg of these foams compared to the previously reported foams.*

Fourier transform infrared spectrocopy. An FTIR spectrum of the
foam is shown in Figure 2. As reported previously for similar compositions of
foams * a shoulder in the urethane peak was observed indicating the presence
of urea groups. The position of the C=0 peak has been reported in the FTIR
spectra of polyurethanes. For hydrogen bonded urethane it has been reported
at 1703-1710 cm™ ° , 1694 cem” "% and 1706-1713 cm™ . For free urethane it
has been reported at 1730-1740 cm™ °, 1729-1739 cm™ ' and 1725 cm™ °.
The shift of the urethane peak to a low wavenumber (~1694 c¢cm™) here
suggests the presence of a high degree of hydrogen bonding in these materials.
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Figure 2. FTIR spectrum of the foam.
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Figure 3. Constrained stress recovery of the foam samples. Variation in the
stress, strain and temperature profiles of the foam sample is demonstrated
during the loading, fixing, stress recovery and unloading stages of the shape
memory cycle.

Shape memory behavior. Four key steps comprising the typical shape
memory response are depicted in Figure 3. 1) Loading refers to the
deformation of the foam sample to 80% compressive strain at a temperature
above its actuation temperature (7g+30 C). 2) Fixing refers to cooling the
compressed sample below its actuation temperature (g-30 C) while

maintaining the 80% strain, thereby fixing the deformed shape. 3) Stress
recovery involves heating the sample up to 7g+30 C while maintaining its
compressed state. A concomitant increase in stress is noticed as the sample
tries to recover its primary shape with the increase in temperature. Finally, 4)
unloading refers to removal of the strain and recovery of the sample to its
primary shape at 7g+30 C. The initial two cycles showed a relatively higher
hysteresis with an average of 90% and 92% shape recovery. After this initial
conditioning, a higher average shape recovery of 97% was achieved.

Volume expansion. An average volume expansion of approximately 70
times was seen for these foams. Figure 4 shows the expansion of a
compressed foam device in a heated water bath. Almost immediate actuation
of the foam is noticed on exposure to the water bath.

Figure 4. Actuation of shape memory polymer foams in a water bath heated
to 7g.

Conclusions

This work reports polyurethane based novel shape memory polymer foams.
These materials are designed to have a highly chemically crosslinked network
structure by usage of low molecular weight multifunctional hydroxyl
monomers. Ultra low densities of ~0.018 g cm™ were achieved in these foams
and a mixed, open to closed, cell morphology was noticed with thin residual
membranes on the cell surfaces. FTIR results suggested strong hydrogen
bonding in the material. Post initial conditioning cycles, excellent shape
recovery of up to 97% was recorded, and a 70 times volume expansion was
seen with near immediate actuation of the device on exposure to waterat 7g.
With these unique properties, these materials are expected to be particularly
promising as biomaterials for embolic devices in minimally invasive medical
applications.
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